A C K N O W L E D G E M E N T S
We first thank Jeremy Jameson, Joe Cartwright, and an anonymous reviewer for their constructive and valuable comments. We also thank the State of Texas Advanced Resource Recovery Program for supporting this research. We are indebted to Bob Hardage and his group Quantifying the origin and geometry of circular sag structures in northern Fort Worth Basin, Texas: Paleocave collapse, pull-apart fault systems, or hydrothermal alteration?
Angela McDonnell, Robert G. Loucks, and Tim Dooley
A B S T R A C T
Three-dimensional seismic data reveal numerous subcircular sag structures in the northern Fort Worth Basin. The structures are defined by concentric faults that extend vertically upward 760-1060 m (2500 -3500 ft) from the Lower Ordovician Ellenburger Group. The largest structures remained active into the lower Desmoinesian Strawn Group. Criteria are outlined for defining seismically resolvable sag structures, and a detailed quantitative analysis of the geometries of these circular features was undertaken. Results are compared and contrasted, with reviews of subsurface collapse mechanisms and strike-slip processes that are known to produce subsurface circular to subcircular sag geometries in plan view. In this manner, we develop several constraints for differentiating collapse-related sag structures from strike-slip -related sag structures. Qualitative analyses indicate that the geometries observed are strongly analogous to subsurface collapse features where material is removed at depth to create a void, into which the overburden subsequently sags and collapses. Quantitative analyses support the formation of these features by incremental collapse and suprastratal deformation above a linked system of coalesced, collapsed paleocaves within the Ellenburger Group. Observations and criteria presented herein provide valuable information in defining seismically resolvable collapse features worldwide and help distinguish sag features of collapse affinity from those of other origins.
INTRODUCTION
More than 60 subcircular sag structures, 500 -1200 m (1640 -3940 ft) in diameter, are observed extending vertically upward (760 -1060 m; 2500 -3500 ft) from the Lower Ordovician Ellenburger Group in a 67-km 2 (26-mi 2 ) three-dimensional (3-D) seismic volume from the Boonsville field, northeast Texas (Figures 1, 2) . Hardage et al. (1996) first documented and interpreted these structures as near-vertical karst-collapse chimneys that originated within the Lower Ordovician Ellenburger carbonate section. They documented how the physical dimensions of these subsurface features are comparable to karst dimensions observed in outcrop in the Franklin Mountains, El Paso, west Texas (Lucia, 1968 (Lucia, , 1995 . Similar karst-collapse zones were also identified in the subsurface (Kerans, 1988; Loucks, 1999 Loucks, , 2003 Loucks et al., 2004) . Other authors have attributed a strike-slip origin to several of the Boonsville data features (Smith, 2005) and to other similar features in the Fort Worth Basin on the basis of enhanced seismic attribute analysis (Lacazette et al., 2004; O'Sullivan et al., 2006) . Smith (2005) and Smith and Davies (2006) further invoke a hydrothermal overprint associated with these structures. Paleocave collapse, hydrothermal dissolution, and strike-slip processes are all methods attributed to sag formation (Hardage et al., 1996; Loucks, 2003; Smith and Davies, 2006; Sagan and Hart, 2006) .
The first objective of this article is to describe in detail the morphology of the features first identified by B. A. Hardage, D. L. Carr, R. J. Finley, N. Tyler, D. E. Lancaster, R. Y. Elphick, and J. R. Ballard (1995, personal communication) and to quantitatively assess their geometries and timing of formation. The second objective is to review and compare and contrast subsurface collapse mechanisms that are known to produce subsurface circular to subcircular sag geometries in plan view. These collapse mechanisms have a common origin in that evacuation or removal of the material at depth is compensated by overburden failure and collapse: e.g., caldera collapse, evaporate evacuation and dissolution, limestone dissolution, and mining subsidence. Results of such analyses are then compared with geometries observed in physical model studies of strike-slip pull-apart basins. In this manner, we developed several constraints for differentiating collapse-related sags from structural sags. Finally, results of the detailed quantitative analysis are compared and contrasted with these models.
REGIONAL FRAMEWORK
The Boonsville field lies in the northern Fort Worth Basin ( Figure 1A , inset), which is an asymmetric, northward-deepening, late Paleozoic foreland basin approximately 130 km (80 mi) across and 400 km (250 mi) long. The basin is bounded to the east, north, and south by the Ouachita thrust belt, Muenster arch, and Llano uplift, respectively. The Bend arch, a flexural high that formed in the late stages for their earlier contributions to this research effort and are especially grateful to Wayne Wright, Hongliu Zeng, Jerry Lucia, and Jerry Bellian for their input and discussion in the course of this study. The authors also thank Lana Dieterich for editorial advice, and Landmark Graphics and Schlumberger for use of Landmark and Petrel software under a university grant and acknowledge the financial support for this publication provided by the Geology Foundation, John A. and Katherine G. Jackson School of Geosciences, University of Texas at Austin. Publication was authorized by the director, Bureau of Economic Geology, University of Texas at Austin. of the basin's evolution, forms the western basin limit ( Figure 1A , inset). The general stratigraphy of the study area is shown in Figure 2 , summarized from the Oxy Sealy 3C well in the northeastern corner of the 3-D data volume. The stratigraphy employed in this study follows that of Montgomery et al. (2005) , with the exception of the upper Marble Falls Formation, which is classified as lower Pennsylvanian Atokan in age, on the basis of outcrop and biostratigraphic analysis (Manger and Sutherland, 1984; Groves, 1986) . Precambrian basement underlies the northern Fort Worth Basin. The basement is overlain by 1200-1500 m (3940-4920 ft) of Ordovician to Mississippian carbonate and clastic rocks and 1800-2100 m (5900-6890 ft) of Pennsylvanian siliciclastics and thin carbonate strata (Montgomery et al., 2005) . According to Barnes et al. (1959) , the top Ellenburger lies about 1050 m (3500 ft) above the Precambrian basement in the Boonsville 3-D area. The top 730 m (2400 ft) of this interval is Ellenburger dolostone and limestone, and the lower part is Cambrian limestone sandstone and shale. CambrianOrdovician carbonates deposited on the northern margin of the Paleozoic Iapetus Ocean are the oldest strata in the basin. In the study area, the Mississippian Barnett Formation unconformably overlies Lower Ordovician Ellenburger Group carbonate strata. The Lower Ordovician Ellenburger carbonates went through several periods of extensive subaerial exposure. Silurian and Devonian strata are largely absent in the northern Fort Worth Basin (Flippin, 1982; Henry, 1982) . This absence may be attributed to both regional uplift and nondeposition or to uplift and erosion following deposition (Henry, 1982) . Elsewhere in the Fort Worth Basin, the Upper Ordovician Viola and Simpson formations are present, but they pinch out just east of the study area (Henry, 1982; Montgomery, 2004) . To the east of the study area, the Barnett Formation forms the largest gas field in Texas (Durham, 2005) . Similar circular sags in this field affect gas production either by allowing water to cone up from the Ellenburger Group or by draining frac fluids during reservoir stimulation. The succeeding lower Pennsylvanian clastic deposits, the Bend Group, consist of siliciclastic and thin limestone strata of marine, marginalmarine, and fluvial environments (Figure 2 ) (Thompson, 1982) . These strata produce oil and gas over large areas of the Fort Worth Basin (Thompson, 1982) .
Formation of the Fort Worth Basin is linked to the closure of the Iapetus Ocean (Lahti and Huber, 1982; Walper, 1982) . Continental collision began during the Mississippian and culminated in the Early Permian. The basin was downwarped in the early Pennsylvanian in response to the tectonic stresses that formed the Ouachita thrust belt (Johnson et al., 1988) . As such, the Fort Worth Basin, as a structural and sedimentary feature, did not exist prior to the early Pennsylvanian. SubPennsylvanian Barnett and Marble Falls formations record regional deposition, whereas the impact of the Ouachita orogenic front led to lower to middle Pennsylvanian uplifted regions, becoming major sediment sources (Walper, 1982; Thompson, 1988) that loaded the subsiding Fort Worth Basin. The basin was largely filled by the late Pennsylvanian. The regional structural elements bounding the Fort Worth Basin, e.g., Muenster arch, Bend arch, and Llano uplift, were formed with the advent of the Ouachita orogeny (Johnson et al., 1988) . In summary, lower Pennsylvanian impact of the Ouachita orogeny provides the defining tectonic event for the Fort Worth Basin, which manifests itself in distribution of the coarse siliciclastics present in the lower to middle Atokan succession that succeeded deposition of the Marble Falls Formation.
DATA
The data volume used in this study consists of a 67-km 2 (26-mi 2 ) grid of time-migrated 3-D seismic data that straddles the Wise and Jack County line (Figure 1 ). The data were acquired by the Bureau of Economic Geology at the University of Texas at Austin and its joint venture partners and were processed by Trend Technology, Inc., Midland, Texas. Hardage et al. (1996) provide details of the acquisition and processing parameters applied to the data set. Wire-line logs from numerous wells were available, three of which penetrated the Ellenburger Group. The well data provided stratigraphic and lithological information. One of these wells, Oxy Sealy 3C, had a vertical seismic profile (VSP) and full wire-linelog suite. The seismic data are zero phase with an increase in acoustic impedance represented by a positive amplitude. An enhanced frequency volume was created, which also assisted in interpretation. The data image to 2 s two-way traveltime (TWT), with the main focus of this study spanning 0.8 -1.3 s TWT ( Figure 1B ).
MORPHOLOGY OF THE BOONSVILLE CIRCULAR SAG STRUCTURES
Most of the circular sag features range from 500 to 1200 m (1640 to 3940 ft) in diameter (Figure 1 ). Three larger structures align in a northwest-southeast trend in the northeastern corner of the data volume and reach 2000 m (6560 ft) in diameter. All the sag structures are distinguished by steep concentric faults that appear to initiate near the top Ellenburger level ( Figure 1B) . The attribute map in Figure 1A shows a lack of major linear faults in the data volume, and no throughgoing faults connect the features. Coherency extractions and volume slicing at different levels through the data volume all show a lack of a regular fault array linking the structures. Several small faults are noted, and these are concentrated in the vicinity of the circular features ( Figure 1A ). The concentric faults do not penetrate down through the Ellenburger section into the basement, and most terminate upward at the late Atokan Caddo Pool (referred to in this article as Caddo) level. The largest structures penetrate upward to the Strawn succession.
Spatially, these structures are 500-1500 m (1640-4920 ft) apart, and several are trough shaped in plan view (Figure 1) . Figure 3A shows a cross section through one of the largest circular sag structures. Local onlap and infill are observed, indicating Atokan deposition infilling during sag development. Figure 3B is a type example of one of these depressions with a diameter of 500 m (1640 ft). Note that this example terminates by the Caddo level, whereas the example in Figure 3A continues into the overlying Strawn section. Figure 3C depicts the large sag structure in Figure 3A at a 1:1 scale. The structure and sag are now much less dramatic than previously imaged. Viewing these features at a 1:1 scale allows measurement of the angle of sag for each successive horizon from the Ellenburger through Caddo intervals. Measurements show a decrease from 20j at the top Ellenburger level, decreasing to 7j by the Caddo level and 0j post-Caddo level. This reflects the decreasing influence of the sag upward. The 1:1 scale also allows clear imaging of the onlap and infill geometries of low-amplitude reflections within the trough, particularly during the middle to upper Atokan Runaway through Caddo interval. Steep, incoherent fault zones are evident and hints of inward-and outward-dipping faults are observed ( Figure 3C ).
Review of the seismic volume indicates that the circular sags are not processing artifacts. Their distribution is atypical of static corrections, and the presence of distinct onlap and infill patterns, at least within the Atokan succession, indicate that these sags are actual physical features ( Figure 3 ). This is supported by the presence of similar features from other seismic volumes (Loucks, 1999; O'Sullivan et al., 2006) , and by regional mapping in the northern Fort Worth Basin, based on extensive well data, that confirm the presence of saglike structures (T. Hentz, 2006, personal communication) . These structures are well-known drilling hazards for Barnett gas wells. Additionally, B. A. Hardage, D. L. Carr, R. J. Finley, N. Tyler, D. E. Lancaster, R. Y. Elphick, and J. R. Ballard (1995, personal communication) reported how circular faults that flank the sags had significant influence on reservoir compartmentalization in the lower Atokan, commonly creating partial interwell flow barriers throughout the Bend Conglomerate (lower Atokan).
Quantitative Analysis
The analysis undertaken in this study expands on measurements previously undertaken of seismically resolvable sag structures (e.g., Hardage et al., 1996; Bertoni and Cartwright, 2005) . On seismic data, the detailed internal architecture of faulting associated with sags is often poorly resolvable, if seen at all. In this study, parameters from several different literature sources (Kratzsch, 1983; Whittaker and Reddish, 1989; Bertoni and Cartwright, 2005) are combined in one analysis to provide a comprehensive quantitative assessment of seismically imaged sag geometries. These comprehensive criteria not only constrain how sag geometries varied with time, but also the timing of formation. In addition, they provide clues as to whether the sags are of structural or collapse origin.
The parameters measured for each feature are summarized in Figure 4 . A 3-D analysis was undertaken whereby parameters were measured on several orientations crossing the structures. Timing of formation was quantitatively assessed by measuring two key parameters; the vertical relief (DZ) and the expansion index (E.I.) of the structure with depth, following the methodology applied by Bertoni and Cartwright (2005) to collapse structures in the eastern Mediterranean. The E.I. is used to show the variation in thickness above synsedimentary structures and was initially applied to growth faults (Thorsen, 1963) . It is the ratio between the thickness of deposits relatively downthrown (within collapse structure) and the thickness of the footwall deposits bounding the structure, measured on successive stratigraphic intervals. The DZ on any particular stratigraphic horizon is the difference in elevation between the center and rim of the sag structure ( Figure 4 ). We believe it is valid to apply an E.I. measurement to assess the timing of deformation for two reasons: (1) synkinematic deposition or growth intervals are evident from seismic data, and (2) sag formation is incremental instead of a single event.
Other measured parameters include the width of the shoulder (Sh.W.) and the inner sag width (S.W.; Figure 4 ). Mining literature indicates the width of these zones is important in understanding sag features (Kratzsch, 1983; Whittaker and Reddish, 1989) . In the literature they are respectively termed tension zone (T.Z.) and compression zone (C.Z.), but a nongenetic terminology was preferred for this study. S.W. was measured for each incremental stratigraphic horizon in the overburden as the distance between inflection points (i.e., where the shape of the subsidence profile changed from concave to convex) on both sides of the trough. Sh.W. was measured outward from the inflection point to the point where the horizon flattened out (Figure 4) . Depth of the measured horizons was measured in time from the seismic reference level (0 TWT) and the TWT depths were normalized to a constant depth for plotting. The regional dip across the area is very gentle, less than 1j, hence the measurements are not adversely affected by regional dip. A sample set of 10 circular to subcircular sag structures ( Figure 5 ) was selected for analysis, comprising 7 of the average-size features and the 3 largest features.
Observations
Sag width (S.W.) shows a consistent decrease upward for all of the measured features ( Figure 6A ). Only the largest features displayed a renewed increase in S.W. after the Caddo level ( Figure 6A , sags 1, 5, and 6). The S.W. ranges in width from 200 to 880 m (655 to 2890 ft) at the top Ellenburger level, narrowing upward to 60-500 m (195-1640 ft), i.e., narrowing as much as 30-56% over approximately 700 m (2300 ft). Several of the measurements terminate by the Davis level, indicating that they were no longer active by this time, and most terminate by the Caddo level. In contrast, the width of the shoulder zone (Sh.W.) increases upward ( Figure 6B ). The Sh.W. at the Ellenburger level shows a narrow range from 100 to 260 m (330 to 850 ft), steadily broadening upward to 170 -510 m (560 -1675 ft) by the Caddo level. Certain orientations (six east, six west, one south) of the largest sags display a narrowing upward in the Strawn interval, but most continue to broaden upward. The total diameter of the strata influenced by deformation linked to these structures ranges from 400 to 1200 m (1310 to 3940 ft) ( Figure 6C ), with one of the largest features extending up to 2000 m (6560 ft).
The DZ associated with the measured structures decreases from the Ellenburger level upward ( Figure 7A ). The value of vertical relief, however, drops rapidly in the Forestburg Limestone and Runaway to Davis intervals. In the latter interval, this reduction coincides with the onlap fill interval and is thought to reflect a main phase of development of the structure, which consequently influenced sedimentation at the surface.
The E.I. diagram ( Figure 7B ) depicts multiple peaks of expansion, or growth, in the middle Atokan Vineyard through Davis interval and the Mississippian Forestburg Limestone interval. The Forestburg Limestone, however, is just one cycle thick on seismic data, and it is uncertain whether the apparent thickness measured in the trough is an imaging artifact, or whether it reflects actual thickening. The anomalous peak in E.I. and drop in DZ associated with the Forestburg interval is therefore treated with caution. The E.I. decreases up-and downsection from the main peaks in the Vineyard through Davis interval. The E.I. pulses correspond to the DZ pulses.
SUPRASTRATAL GEOMETRIES ABOVE SUBSURFACE COLLAPSE AND PULL-APART STRUCTURES

Subsurface Collapse Models
Circular sags commonly result from subsurface collapse where removal of material at depth is compensated by overburden (suprastratal) failure, e.g., caldera collapse, evaporate evacuation and dissolution, limestone dissolution, hydrothermal dissolution, and mining subsidence Figure 7 . (A) Variation in vertical relief (DZ ) plotted against TWT. The overall trend line is a decrease in vertical relief upward, but it is punctuated by several events, proving that a single event did not create these sags, but that their generation was episodic. (B) Expansion index (E.I.) plotted against TWT. Several pulses of E.I. are observed that correspond to the timing of DZ pulses. These pulses in E.I. are interpreted to indicate when collapse was most active; i.e., when there was greatest thickness change in the roof and overburden strata. (Figure 8 ). These subsurface collapse mechanisms are examined to understand the mechanics of subsidence and common physical characteristics of collapse structures. Strong geometric similarities between various subsurface collapse mechanisms are demonstrated because suprastratal failure is spatially limited by the geometry of the collapsing zone.
Caldera collapse structures ( Figure 8A ) are an order of magnitude greater than other natural subsidence phenomena in both an areal and vertical extent (e.g., Stewart, 1999) . Diameters range from 2 km (1.2 mi) to tens of kilometers, with up to 3 km (9900 ft) of subsidence (Roche et al., 2000) . Modeling experiments and studies of modern caldera collapse in Japan (Marti et al., 1994; Walter and Troll, 2001 ) suggest that deflation causes initial surface sagging, followed by collapse failure along outward-dipping concentric reverse separation faults. Commonly, caldera collapse is episodic, with repeated cycles of inflation and deflation superimposed. Marti et al. (1994) and Walter and Troll (2001) modeled two scenarios: (1) updoming followed by collapse (which produces radial and well-defined ring faults) and (2) collapse without prior updoming, i.e., pure evacuation collapse (which only produces ring faults). The latter is more comparable to the present study area because no updoming is documented within the stratal geometries. This model ( Figure 8A ) produced steep, mostly outward-dipping (bell-shaped) faults and a sag style very similar to that observed in the circular structures of the Boonsville field data volume (see Marti et al., 1994, their figure 4c) . A transition exists between this zone of outward-dipping faults (compressional zone) near the caldera center to a zone of inward-dipping faults (extensional zone) near the caldera margin. The latter fault zone comprises an upward-expanding deformation front of inward-dipping ring faults.
Dissolution of evaporites by undersaturated groundwater can cause the overburden to subside and form collapse sag structures (Lohman, 1972; Ross and Uchupi, 1973; Bertoni and Cartwright, 2005; Eliassen and Talbot, 2005) . Dissolution features are the dominant saltrelated structures in basins where salt is still tabular and has not been mobilized to form salt diapirs or pillows (Ge and Jackson, 1998) . Concentric reverse and extensional faults are formed by evaporite dissolution in the subsurface (Lohman, 1972) , and surface sag may be created (Bertoni and Cartwright, 2005) .
Ge and Jackson (1998) conducted physical modeling of collapse structures formed by salt withdrawal to simulate natural dissolution processes ( Figure 8B ). Above all withdrawing diapirs, the deformed roof was bound by an inner zone of steep, convex-upward faults and an outer zone of concave-upward normal faults. Convex-upward faults with apparent reverse offset propagated upward from the corners of the withdrawing diapirs. These geometries are very similar to those identified in caldera collapse. The physical models indicate that regardless of the initial shape of an evaporite body, the collapse faults emanate from the edge of the body. The faults dip either inward or outward and steepen with depth. Similar to caldera models, an apparent inner contractional zone passes to an outer extensional zone. The presence of an inner zone of outward-dipping faults distinguishes diapirs that subside by dissolution from those that subside by regional extension and lack this apparent contractional zone (Ge and Jackson, 1998) .
Chemical weathering and dissolution of limestone and dolomite lead to the development of sinkholes, caves, and an elaborate multistory drainage system of underground passages, canyons, chambers, and shafts (Palmer, 1991) . Soon after caverns form, they begin to collapse. Such collapse is enhanced by the weight of the overburden (or superstrata). Larger coalesced systems form from the collapse of several stacked caverns (Loucks, 1999) (Figure 8C ). Unlike other collapse styles, the brecciated collapse material may be removed from this system via dissolution or by underground streams, thereby allowing more subsidence than can be accounted for by the initial cavern height.
Both caldera collapse and salt dissolution and evacuation models show faults emanating from the edge of the evacuated zone. From these results, we can infer that faults that developed above a collapsed-paleocave system would emanate from the edge of the collapsed system. A ground-penetrating radar study that defined the 3-D architecture of a coalesced, collapsed-paleocave system in Lower Ordovician strata in central Texas (Loucks et al., 2004) provides insight into the structural complexity of roof stratal collapse (e.g., see their figure 13A ). However, although there are several studies dealing with the effects of paleocave collapse on deposition in the overburden (e.g., B. A. Hardage, D. L. Carr, R. J. Finley, N. Tyler, D. E. Lancaster, R. Y. Elphick, and J. R. Ballard, 1995, personal communication) , studies detailing the structural geometries developed above a collapsed cave system (suprastratal deformation as defined by Loucks, 2003) (Figure 8C ) are lacking. Cave systems do not display bounding faults; the faults emanate from the edge of the collapse system into the overburden.
The mechanics of mine subsidence (where movement of the ground surface results from readjustments of the overburden caused by collapse or failure of underground mine workings) provide an excellent analog for subsurface collapsed-paleocave system processes. Sinkholes, chimneys, and troughs are common mining subsidence features above abandoned mines (Kratzsch, 1983; Dyne, 1988) . The subsidence trough profile comprises an inner compressional trough zone (C.Z.), making up the central part of the subsidence trough, and an outer tension zone (T.Z.), comprising concentric outward-dipping faults propagating upward from the edge of the mined seam ( Figure 8D ). This compares well with observations from other subsidence styles.
Above mine workings, local geology and natural strength of the roof influence the rate and style of collapse, and upward propagation of the collapse will be arrested by a more competent roof layer. A thin, weak overburden allows subsidence to occur sooner. Mine collapse creates a deformation front that extends vertically for distances much greater than the height of the original seam or void. The height of overburden influenced by collapse of a seam can be up to 60 times the seam height ( Figure 8D ) (Kratzsch, 1983) . Collapse of a long-wall seam 3 m (10 ft) high could affect 180 m (590 ft) of overburden. Collapse of multiple mine levels provides a cumulative effect (Whittaker and Reddish, 1989 , their figure 27). Cave systems commonly comprise multiple stacked levels of galleries and tunnels (e.g., Mammoth Cave, Kentucky; Palmer, 1995) . Such systems can comprise several tens of meters of vertical void space. By analogy to mine collapse, collapse of such a stacked system could certainly account for the extensive vertical collapse effect (700 m; 2300 ft) observed in the overburden in the study area.
Pull-Apart Basin Models
Local extension along a strike-slip fault is generated by releasing bends or sidesteps in a master strike-slip fault system (uplifts or pop-ups are formed at restraining bends). This process contrasts with space creation in collapse-induced systems. Scaled sandbox models of pull-apart basins by Dooley and McClay (1997) and Dooley et al. (2004) incorporate aspects of synkinematic sedimentation. The following observations can be made from these analog models (Figure 9) . First, the basins are bound by steep, inward-dipping faults (>75j). Second, there is no compressional zone developed; therefore, there is an absence of outward-dipping reverse faults. Third, because the diameter between these inward-dipping extensional faults increases upward, the basin broadens outward and upward. This is a typical negative flower structure geometry. Fourth, pullapart basins evolve progressively from narrow grabens to wider rhombic basins during their evolution as well as along strike (Figure 10 ) (Dooley and McClay, 1997) . The final geometry of the basin is strongly dependent on the architecture of the underlying master fault system (Dooley and McClay, 1997; Dooley et al., 1999) . Pull-apart basins typically display a length-to-width aspect ratio of 2:5 instead of circular to subcircular (Aydin and Nur, 1982) .
Comparison between Methods of Space Creation
From this analysis, the same basic geometry of suprastratal deformation is observed above subsurface collapse; an outer zone of inward-dipping faults is balanced by an inner zone of outward-dipping faults. An important difference between collapse structures and pull-apart sag structures (created by extension) is the lack of an inner, apparent, contractional zone in pullaparts or releasing steps. A problem exists, however, in recognizing this contractional zone on seismic data, at the scale of the observed features. The detailed internal architecture is generally below seismic resolution, although steep outward-dipping geometries with reverse movement are locally observed on individual cross sections, suggesting that the inner S.W. is comparable to the modeled T.Z. (e.g., Figure 3C ). The S.W. measurements are important. If the central trough narrows upward, this correlates with models of subsurface collapse. In Figure 8 . Several processes of subsurface collapse that produce circular sag geometries in the subsurface are summarized to assist in comparative analysis and interpretation of the circular sag features in this study. These include (A) caldera collapse, (B) salt dissolution and withdrawal, (C) limestone and dolomite dissolution (karst and later burial processes), and (D) mining subsidence. C.Z. = compressional zone; T.Z. = extensional zone. These have a common mechanism of generation, i.e., creation of accommodation space at depth into which the overburden sags and collapses by means of both contractional (inner zone) and extensional (outer zone) faulting. Well-developed sag is inherent to all of the models. Plan view of salt-withdrawal model is from the physical modeling experiment by Hongxing Ge. Silicon polymer was used to simulate salt. Plan view of caldera collapse model highlights the concentric fault geometries. A balloon was used to simulate the magma chamber. Terminology honors that of the original authors; however, in this study, the less genetic terms shoulder zone (Sh.W.) and width of inner sag zone (S.W.) have been used. Permission to publish (A) was granted by the Geological Society (London) Publishing House. Figure 10 . Schematic illustrating the stages of development of a coalesced, collapsedpaleocave system (modified from Loucks, 1999) . Strata above the collapsed-cave system are deformed by brecciation, faulting, and sagging (suprastratal deformation). Figure 9 . Plan view and selected serial sections through a physical model of a strike-slip pull-apart basin above a 30j releasing stepover. Model run by T. Dooley at Royal Holloway, University of London (Dooley and McClay, 1997) . Strike-slip basins are characterized by very steep inwarddipping faults (flower structures). No inner compressional zone (C.Z.) is apparent, and basin and sag diameter increases upward. Pull-apart basins tend to have an aspect ratio of 2:5 (rhombic shape instead of concentric) (Aydin and Nur, 1982; Stewart, 1999) . pull-apart systems, the trough broadens upward. The data presented in this study show strong similarities with models and observations of subsurface collapse. We believe narrowing of the S.W. is comparable to an inner C.Z. Ge and Jackson (1998) stated that although outer extensional zones have been reported from sinkholes (Christiansen, 1971; Dunrud and Nevins, 1981) , they would not expect an inner contractional zone to form because the space problem created by the outer extension is relieved by collapse into the underlying cavern. Mining subsidence literature documents, however, the development of an inner contractional zone and outer extensional zone associated with the subsidence trough. The space problem in a subsiding mine is comparable to that of a collapsing paleocave system, and so both systems should create an apparent inner contractional zone.
INTERPRETATION AND DISCUSSION
Sag structures in the study area display the following key characteristics: (1) circular, subcircular, and trough geometries are exhibited in plan view, with concaveup profiles; (2) they are of high density; (3) diameters range on average from 500 -1200 m (1640 -3940 ft), and some extend to 2000 m (6560 ft); (4) concentric faults project vertically 180 -760 m (590 -2490 ft) through the Atokan succession with a conelike geometry, broader at the base and narrowing upward; (5) faults initiate within the Ellenburger Group; (6) the angle of sag decreases with height, from 20j within the Ellenburger to upper Barnett interval to 5 -10j within the lower Atokan interval; (7) sag associated with these features influences Atokan deposition, particularly after deposition of the Marble Falls Formation; (8) S.W. narrows upward; (9) Sh.W. broadens outward and upward; (10) patterns of E.I. and DZ suggest multistage collapse and fill; and (11) no throughgoing faults link the features.
The results strongly resemble the trends observed from subsurface collapse profiles. The inner S.W. is comparable to modeled C.Z., whereas the outer Sh.W. is comparable to modeled T.Z. The S.W. decreases upward, indicating that the trough narrows upward. This is in contrast to models, field, and seismic data from zones of local extension along strike-slip systems, which characteristically broaden upward to produce a negative flower structure (e.g., Dooley and McClay, 1997; Dooley et al., 2004) . The Sh.W. (T.Z.) broadens upward, similar to the deformation front observed in the case of mining subsidence and caldera collapse. Randomly oriented seismic cross sections through the Boonsville structures show little character variation, whereas vertical sections through strike-slip physical models show major along-strike changes in the geometry of the basin or sag from one end to the other (see Figure 10 ) (Dooley and McClay, 1997) . Consequently, the cross sectional profile and width vary significantly depending on the angle at which the pull-apart basin is bisected. Additionally, a throughgoing cross-basin fault zone commonly cuts the basin or sag floor and links the obliqueslip segments that bound pull-apart basins. Attribute slices from the study area show no fault lineations connecting the circular structures, indicating a lack of a controlling fault array. We conclude, therefore, based on these observations and measurements, that the features in the study area are a result of collapse mechanisms instead of pull-apart processes.
Potential collapse mechanisms include evaporate dissolution, hydrothermal dissolution, or paleocave collapse. Cambrian limestone, sandstone, and shale underlie the Ellenburger (Barnes et al., 1959) , and there is no documentation of evaporates within the Ellenburger. Evaporite dissolution is therefore discounted as a viable driving force for collapse in the Boonsville area. An alternative suggested mechanism to induce subsurface collapse is hydrothermal dissolution (e.g., Hatcher and Evenick, 2006; Smith, 2006; Smith and Davies, 2006) . In this scenario, extensive dissolution of host carbonates by hydrothermal fluids, combined with additional volume reduction associated with dolomitization, leads to failure, brecciation, and sag generation. Hydrothermal deposits are typically associated with extensional and/or strike-slip fault systems (Reimer and Teare, 1991; Smith and Davies, 2006) , such as the Ordovician TrentonBlack River carbonates of New York and West Virginia (Pyron et al., 2002) . Mississippi Valley -type (MVT) hydrothermal deposits are also associated with geological features that permit upward migration of fluids, such as paleocave breccias, facies changes, and faults (Evans, 1993) .
The seismic effects of hydrothermal collapse are poorly quantified in the literature. The distinction between structural sag that shows a later hydrothermal overprint and pure hydrothermal dissolution is not clarified. Hydrothermal processes generally couple with faults and fractures in the rocks; hence, the possibility exists that some or all of the sag is structural. Seismic data from the Upper Ordovician Black River Group in New York are sometimes compared to the Boonsville field data set because of seismic similarity of the sag features (Smith, 2006) . However, the seismically resolvable sags in the New York data are considered to be enhanced or generated by basement-rooted strike-slip faulting, and these faults are clearly evident on the New York seismic data (Sagan and Hart, 2006; Smith, 2006) . This questions whether hydrothermal dissolution, on its own, can create seismically resolvable sag. Hatcher and Evenick (2006) studied outcropping hightemperature dolomite zones in Kentucky. The dolomitized zones have extents of 0.1 mi 2 (0.3 km 2 ), and the authors point out that when buried significantly, these features would not be identifiable on seismic data. A final, yet crucial consideration is the incorrect interpretation of a hydrothermal dolomite. Machel and Lonnee (2002) and Lonnee and Machel (2006) cite numerous studies that have misapplied the term ''hydrothermal'' to the origin of dolomites in the southern Western Canada sedimentary basin. Machel and Lonnee (2002, p.166) stated that ''a mineral should be called hydrothermal only if it can be demonstrated to have formed at a higher (by 5 -10jC) than ambient temperature, regardless of fluid source or drive.'' Consequently, the temperature of formation of the mineral (e.g., dolomite) relative to the temperature of the surrounding rocks at time of mineral formation must be understood to interpret a hydrothermal origin. In summary, it is cautioned that not only are extensive analyses required prior to application of a sensu-stricto hydrothermal model, but that further fundamental studies are required before the effects of hydrothermal dissolutionrelated sag can be applied appropriately to seismic data. Smith (2006) demonstrated that volume reduction by dolomitization alone is simply too small to produce seismically resolvable sags.
In relation to this study, Kupecz and Land (1991) present evidence for multiple episodes of late-stage (post-Middle Ordovician karstification) dolomitization events in the Ellenburger. Warm fluids are interpreted to have flowed along preexisting porous and permeable units such as faults, fractures, karst breccias, and grainstones, with fluid derivation resulting from the Ouachita orogeny (Kupecz and Land, 1991) . Their study reveals that although higher temperature dolomites are present in the Ellenburger (Kupecz and Land, 1991) , they are a paragenetically late event; i.e., the fluids did not dissolve and brecciate the Ellenburger, but exploited a preexisting porous and permeable fabric. Loucks (2003) has also shown that the breccias in the Ellenburger Group are related to karsting and associated paleocave collapse, and that the higher temperature saddle dolomite was passively precipitated in a relict paleocave breccia pore network. Based on these data and observations, hydrothermal dissolution is therefore an unlikely cause of collapse generation in the study area.
The most likely cause of collapse in the study area is interpreted to result from failure of a coalesced, collapsed-paleocave system in the extensively karsted Ellenburger Group (Figure 10 ). Meteoric dissolution in an unconfined system allows vast quantities of material to be removed, and mechanical failure of such systems can produce circular geometries on a scale that is seismically resolvable. This interpretation is consistent with regional studies of karsting within the Ellenburger Group (Kerans, 1988; Loucks, 1999) . Karst features are common in the Lower Ordovician carbonates of North America and are interpreted to have formed during more than one episode of dissolution (Kerans, 1988 (Kerans, , 1989 Lucia, 1995; Loucks, 1999 Loucks, , 2003 . The El Paso Group (surface equivalent of the Ellenburger Group), which outcrops in the Franklin Mountains of west Texas, contains world-class Ordovician paleocave systems developed beneath a major supersequence boundary (Sauk). This paleokarst system is widely used as an analog for the Ellenburger Group and other complex paleokarst reservoir systems where fracture and interclast porosity developed during cave collapse (Loucks, 1999 (Loucks, , 2003 . Short, discontinuous faults observed in relation to the collapse zones (Figure 1 ) are interpreted as collapse faults linked to the overall system of paleocave subsidence (Figure 11 ). Topography on horizons affected by the sag show troughs connecting many of the circular sags (Figure 11 ). These zones of rapid dip change highlight the collapsed-paleocave system trend. Loucks (1999) observed similar trends in seismic data from the Permian Basin.
In the Franklin Mountains, the Great McKelligon sag (Figure 12 ) is one excellent example of collapse brecciation (Lucia, 1995) and suprastratal deformation (Loucks, 2003) and indicates that collapse of a 60-m (195-ft) cavern continued even after 300 m (985 ft) of overburden had been deposited. Additionally, an approximate sag angle of 15-20j can be assigned to the Great McKelligon sag strata, which is comparable to those of the sags identified in the Boonsville seismic data volume. Measured dimensions of these outcropbrecciated collapse zones (450 m [1475 ft] wide) correspond to the lowest range of diameters of the anomalous structures identified on seismic data (Hardage et al., 1996; Loucks, 1999) . The McKelligon sag diameter is a measure of the actual brecciation zone (the overlying sag feature is partly eroded, and dimensions of S.W and Sh.W. cannot be measured), whereas because the seismic measured diameters are a measurement of the overlying subsidence trough, they are generally wider. Sh.W. (T.Z.) measurements from the seismic data set indicate the presence of outer extensional faulting or fracturing associated with collapse and sag that extends beyond the limit of collapse as defined by the concentric ring faults (C.Z. faults) identified on coherency slices. This may have important implications for horizontal well planning if seismic coherency is the primary method to identify the faulted zone. Numerous karst-related rock fabrics have been described in cores from the Lower Ordovician Ellenburger Group in the Fort Worth Basin (Figure 13 ). These rocks provide additional evidence of extensive karst fabrics within the Ellenburger Group in this area.
The pulses in E.I. and DZ are interpreted to correspond to times of sag formation. The E.I. pulses may be caused by multistage subsidence and indicate when collapse occurred, with greater thickness in the roof and overburden strata when collapse was most active. This suggests that a significant phase of collapse of the paleocave system occurred after Marble Falls deposition (as mentioned previously, the Forestburg Limestone pulse is equivocal). In this interval onlap and infill of the sags are clearly observed ( Figure 14A ). We propose that Atokan clastic deposition overstressed the caverns and caused episodic multiphase collapse. An isochron map of the Davis to Vineyard interval shows the influence of these collapse features on sedimentation ( Figure 14B ). An examination of patterns of E.I. for individual features reveals that the timing of growth is not identical between features, regardless of size ( Figure 15 ). This may reflect the many variables influencing the rate of sag and collapse, e.g., variations in concentration of karstification in the subsurface, paleocave dimensions, and lateral and vertical facies and lithology. Nevertheless, the overall growth period for all of the circular features overlaps to a strong degree within the middle to upper Atokan (and questionably within the Mississippian interval), suggesting a common mechanism of generation. This timing shows that major collapse occurred after deposition of the Marble Falls Formation and correlates with the main impact of the Ouachita orogenic stresses (W. R. Wright, 2007, personal communication) , suggesting that the altering basin stresses could have induced collapse. The renewed increase in S.W. after the Caddo level in the three largest features is ambiguous; it may indicate a younger subtle reactivation of this orientation.
An intra-Ellenburger horizon was mapped only where it exhibited a strong, continuous reflection (assumed less karsted host rock). The intervening lowamplitude, chaotic reflections are assumed paleocave collapse-brecciated zones within the Ellenburger Group. Figure 11 . Twoway traveltime structure map about 75 m (250 ft) above the top Ellenburger (Forestburg Limestone). Regional dip is to the northeast (arrow points north). Changes in dip (pale blue) relate to the overall imprint of the collapsedpaleocave system. This is a broad zone of sag, within which circular sag structures are focused. Vertical scale is exaggerated by 50.
The emergent pattern is illustrated in Figure 16 . Zones of low amplitude and poor continuity (black) interfinger with coherent zones of strong reflection character (red). An overlay of the collapse structures shows a strong correlation between collapse structures and chaotic Ellenburger seismic facies; i.e., the collapse zones correlate to the areas of the most heavily karsted Ellenburger. Linear trends are not immediately obvious, but a weak northwest-southeast and northeast-southwest trend is defined by some of the larger structures. This subtle rectilinear grain mapped within the Ellenburger Group may reflect a fracture and joint pattern that was exploited by karst-weathering processes (cf. Hardage et al., 1996) . Most cave passages are controlled by bedding planes, fractures, and joints (Palmer, 1991) . Exploitation of these fractures and joints and subsequent collapse of stacked passages and caverns explains both the circular and troughlike structures identified in the Boonsville seismic volume. Larger caverns commonly form at the intersection of cave trends (Palmer, 1991) . On the data set, the largest sags are located at the intersection of these postulated fracture trends e.g., the three largest structural sags, located in the northeastern corner of the data set.
Caldera collapse modeling results indicate that the deeper the chamber, the smaller the area of sag (Walter and Troll, 2001) . Variable sag sizes observed in the study area may reflect variable depths of paleocave Lucia (1995) , and figure was modified from Loucks (2003) . This is an excellent exposure of collapse brecciation exposed in the El Paso Group (surface equivalent of the Ellenburger Group). An approximate sag angle of 15 -20j can be assigned to the Great McKelligon sag, comparable to sag angles identified in the Boonsville seismic data volume. The sag indicates that collapse of a 60-m (200-ft) cavern continued even after 300 m (1000 ft) of overburden had been deposited (Lucia, 1995) . Measured dimensions of these outcrop collapse zones correspond to those observed in the seismic data volume (Hardage et al., 1996; Loucks, 1999) . systems within the Ellenburger, as well as degree of collapse, variable paleocave system dimensions, or variable roof strength. This study constrains the timing of significant collapse to several pulses within the middle to upper Atokan interval, after deposition of the Marble Falls Formation. Such timing indicates that 300 m (1000 ft) of overburden was deposited prior to major failure. In the Franklin Mountains, Lucia (1995) indicated how collapse initiated during cave formation and continued during the Late Ordovician. The main collapse, however, appears to have occurred during and after the Silurian, some 50 m.y. after cave formation Figure 1A and (B) illustrate the local thickening of the Davis to Vineyard interval associated with several sag features.
when there was 300-600 m (1000-2000 ft) of overburden producing a structural sag of 13 m (43 ft) of relief at the top of the El Paso section. This overburden thickness prior to extensive collapse is comparable to the 300 m (1000 ft) calculated in our area.
Several questions arise from this analysis. What thickness of intervening Upper Ordovician to Devonian strata was deposited, and could these strata have led to collapse phases prior to deposition of the Mississippian to Pennsylvanian succession? We also speculate that the regional structural stresses changed during the late Mississippian and early Pennsylvanian. Following the deposition of the Marble Falls Formation, the Fort Worth Basin subsided rapidly as subsidence linked to the westward-advancing Ouachita orogenic front created accommodation space for extensive siliciclastic progradation across the upper Marble Falls Formation. The enhanced subsidence rate and relative rapid loading by sediments may have led to a major pulse of collapse of the buried paleocave system.
A further unanswered question is that of possible karsting in the Marble Falls Formation. Drilling of the Marble Falls in Erath County, south of the study area, is occasionally accompanied by a drilling break associated with a sudden loss of circulation where porosity and permeability are locally developed (Flippin, 1982) . Such sudden loss is characteristic of vuggy porosity created by karst or tectonic fractures. Additionally, B. A. Hardage, D. L. Carr, R. J. Finley, N. Tyler, D. E. Lancaster, R. Y. Elphick, and J. R. Ballard, 1995, personal communication note how most of the wells drilled in the study area stop short of the Marble Falls to avoid lost circulation of drilling fluids in porous possible karst zones within the limestone. The middle Atokan pulse in E.I. could be a response to loading and collapse of paleocave systems of the Marble Falls Formation. On slicing through the data, however, the circular features observed at the Ellenburger level have the same spatial locations as those at the Marble Falls level. If there had been a Marble Falls karst event, then it would appear to have exploited the same trends and locations as the Ellenburger-related sags. Loucks et al. (2000) noted that different-aged karst systems in the Ellenburger Group in central Texas tended to form over the previously karsted area instead of over the nonkarsted area.
CONCLUSIONS
In this study, the origin and timing of formation of subsurface circular sag geometries observed in the Boonsville field of the Fort Worth Basin are quantified. Detailed analysis of the data, comparison to subsurface collapse models, and field data from the Fort Worth Basin point to incremental collapse and suprastratal deformation above a linked system of subsiding, coalesced, collapsed paleocaves within the CambrianOrdovician Ellenburger Group as the most plausible explanation for these features. Multiple-stage collapse is inferred, with a significant collapse phase occurring after deposition of the Marble Falls Formation. Episodic collapse probably continued until most of the solution caverns had merged and cemented to create a stable framework. Stability was achieved by the late Atokan (Caddo formation) for most of the features, but the largest sags show continued activity into the Pennsylvanian Desmoinesian (Strawn Group). A subtle northwest-southeast, northeast-southwest rectilinear structural grain in the Ellenburger Group, best developed in the northeastern corner of the data set, is interpreted as a fracture trend that was preferentially exploited by karst-forming waters, with deeper vertical cavern development where these joint and fracture trends intersect. Figure 16 . (A) Amplitude map extracted from an intra-Ellenburger horizon. The horizon was mapped only where the reflection was distinct and continuous (assumed unkarsted host rock). Intervening low-amplitude, chaotic reflections are assumed to be paleocave collapse-brecciated zones. (B) Overlay of circular sag structure locations shows that they correspond to chaotic Ellenburger zones (i.e., paleocave zones). This suggests a good correlation between collapse feature locations and their causal mechanism.
